Membrane traffic pathways play an essential role in cells, providing a mechanism for organelles of the endomembrane system to communicate and exchange material between each other. A significant number of infections and diseases are associated with trafficking pathways, and as such gaining a greater understanding of their regulation is essential. Fluorescence-based imaging techniques are widely used to probe the trafficking machinery within cells, and many of these methods have the potential to be applied in a quantitative manner. In the present mini-review, we highlight several recent examples of how image intensity, kinetic measurements, co-localization and texture feature analysis have been used to study the function of one key family of membrane traffic regulators, the Rab GTPases. We give specific emphasis to the importance of the quantitative nature of these recent studies and comment on their potential applicability to a high-throughput format.
The dynamics of membrane traffic
The compartmentalization of eukaryotic cells into distinct organelles enables them to perform a multitude of diverse functions in parallel. With this complexity arises the need for cellular machinery to actively transport the required materials between compartments. The regulation of this process of membrane traffic not only is of academic interest, but also has relevance to drug delivery, infection and a number of diseases [1] . By their inherent nature, membrane traffic events are highly dynamic, involving the continuous recycling of regulatory proteins between the cytosol and appropriate membranes, and the fission and transport of membrane-bounded transport carriers between organelles. The regulation of membrane traffic is therefore complex, requiring participation of a wide variety of molecule classes, including soluble, peripheral and transmembrane proteins, and lipids, particularly of the phosphoinositide family. One key set of proteins well established in membrane traffic regulation is the Rab family of small GTPases. In human cells there are approximately 60 members, playing roles in all stages of trafficking events [2] . Their importance is further underlined by the ever increasing number of diseases being attributed to Rab protein dysfunction [3] . One hallmark of Rabs is that they constantly cycle between a soluble cytosolic (inactive) pool and a membrane-associated (active) pool. Many of them are also present on the transport intermediates themselves, and as such show high levels of dynamics. In recent years, there has been an increased move towards studying membrane traffic events in live cells, as this provides access to both their spatial and temporal resolution, which is particularly relevant to understanding Rab function in both healthy and diseased cell states. Instrumental to this has also been the advancement of fluorescent labelling technologies and range of fluorescent proteins available, in addition to the enhanced capabilities of modern microscopy systems. However, the generation of image data is only the first step in using microscopy approaches to study membrane traffic. Although visual analysis of images is useful, it is becoming increasingly accepted that all image data need to be quantitative, not only to ensure robustness, but also to maximize the information obtained. In the present mini-review, we highlight some of the key quantitative image analysis tools available to identify novel membrane traffic machinery and study their localization and dynamics, with particular focus on recent examples applied to the Rab family of small GTPases.
Image intensity-based approaches
Membrane traffic processes have both a spatial and temporal dimension. Trafficking events are most easily visualized by taking a molecule of interest and labelling it with a fluorophore that can be excited at a specific illumination wavelength. Careful choice of fluorophore, particularly when using fluorescent proteins, is important as properties such as size, tendency to dimerize, brightness and photostability can all influence subsequent quantitative analysis. The measurement of fluorescence intensity from particular regions within an image is perhaps one of the simplest metrics to quantify and has been used in a variety of ways in the study of membrane traffic. In living cells, changes in image intensity in perturbed systems can help to identify regulators and define the roles of the molecules under study. One of the most established quantitative methods in this respect is FRAP (fluorescence recovery after photobleaching), a technique that makes use of the fact that highly focused and intense pulses of light can irreversibly destroy the targeted fluorophores. Subsequent imaging is then used to monitor the return of non-bleached fluorophores into the bleached area. Although there are potential pitfalls in using this technique [4] , it can provide highly quantitative measurements of rates of protein association and dissociation with membranes and flux rates between organelles.
Recently, photobleaching approaches have been applied to shed further light on the function of Rabs associated with the Golgi apparatus, in particular the poorly characterized Rab30 protein [5] . FRAP experiments in HeLa cells revealed that GFP (green fluorescent protein)-Rab30 continuously recycles on and off Golgi membranes, with kinetics similar to those seen for another Golgi-localizing Rab (Rab6A), with recovery of greater than 60% of the fluorescence intensity over 6 min in the Golgi area. Although a number of GFPRab30 vesicles were also observed in these experiments, time-lapse imaging revealed that they were rarely seen to be motile, thereby suggesting that, unlike Rab6A, Rab30 is not a component of Golgi-derived transport carriers, but rather plays a role in the maintenance of Golgi structure. The Golgi apparatus is known to harbour a number of Rab proteins, in particular Rab1, Rab2, Rab6, Rab30, Rab33B and Rab43 [6] ; however, the co-ordinated role of these in Golgi morphology and trafficking through this organelle is still far from clear. Recent quantitative imaging data suggest a functional link between Rab6 and Rab33B in retrograde traffic to the ER (endoplasmic reticulum) [7] , providing the intriguing possibility of the existence of Rab cascades on this organelle, whereby the activity of one Rab would determine the activity and localization of a second Rab and so on. This theory is relatively well advanced in the context of dynamics of the endosomal system [8] , but remains to be demonstrated for the Golgi. Presley and coworkers reported a novel quantitative approach based on confocal line scan images across the Golgi followed by intensity measurements in order to determine the relative distribution of molecules across the various cisternae [9] . When applied to Rabs, such an approach undoubtedly offers greater insight into their co-ordination on this organelle [6] , and in the future it would be pertinent to conduct such experiments in the context of understanding their mechanism of localization. Similarly, systematic FRAPbased characterization of membrane association/dissociation rates for all Rabs may also yield important information. However, such experiments are technically challenging from a quantitative perspective as the compact nature of the Golgi cisternae provides only limited resolution possibilities in fluorescence light microscopy studies, and reliable kinetic quantification from FRAP experiments is highly dependent on the volume of membrane occupied by the Rab and the area bleached. Nevertheless, such experiments carried out in cellular backgrounds depleted of putative Rab accessory proteins, for example GEFs (guanine-nucleotide-exchange factors), could provide critical data towards our greater understanding of the mechanisms by which Rabs associate with membranes.
Photobleaching studies have also been recently applied to the study of Rabs in endosomal function within cells. Gidon et al. [10] used photobleaching, combined with energytransfer measurements, to show the kinetics of the late steps of Rab11-dependent recycling from the ERC (endosomal recycling compartment) to the plasma membrane. Specifically they demonstrated that a myosin Vb, Rab11A and Rab11-FIP2 platform not only spatially regulates the trafficking of the lectin langerin at sorting sites in the ERC, but also regulates the late stages of docking/tethering and fusion of langerin recycling vesicles at the plasma membrane in a temporal manner. The detailed quantification of these events afforded by such image intensity-based approaches would not have been possible using biochemical methods. A complementary technique to FRAP is photoactivation of fluorophores. This approach utilizes a modified GFP, which on excitation with 405 nm light converts from a dark state into a visible state, allowing a population of the molecules to be tracked over time. This technique was recently used to highlight the role of Rab25 in integrin trafficking and cancer progression. In cells expressing fluorescently labelled Rab25, photoactivation of a distinct population of integrins revealed that, during migration, rather than being degraded, these molecules were in fact transported and recycled to the plasma membrane, in a process dependent on the chloride intracellular channel protein CLIC3 [11] .
Kinetic-based methods
Live-cell video microscopy to provide analysis of protein distribution in real time is also widely used in the study of the dynamics of membrane traffic processes. Time-lapse experiments are incredibly data-rich, not only allowing visible access to discrete and subtle processes occurring in cells, but also providing quantitative information relating to speed, distance and trajectory of subcellular structure movement over time. Within the context of Rabs, a recently reported time-lapse study has provided further insight into the mechanism of cytokinesis, specifically examining the role of Rab11 and its effector FIP3 in delivering membrane to the cleavage furrow [12] . Careful time-lapse imaging revealed that although both GFP-tagged FIP3 (Rab11 familyinteracting protein 3) and mCherry-Rab11 accumulated near the intercellular bridge during cytokinesis, at abscission only FIP3 became localized to the Flemming body of the midbody structure, at a site pre-populated by the GTPase Arf6 (ADP-ribosylation factor 6). This study provides an excellent illustration of how dual-colour time-lapse imaging can provide in-depth detail about the kinetics of Rab function.
Organelle tracking has also been extensively employed, particularly for quantitative studies, with a recently reported application to study melanosome motility [13] . In this work, the authors combined phase-contrast information from highly pigmented melanosomes, with GFP-Rab information from the fluorescence channel. In this way, they were able to record and quantify, in a semi-automated manner, several thousand melanosome movements from individual cells [13] . Using this technique, they showed that Rab27a was associated with slow-moving melanosomes, whereas Rab32 and its closely related isoform Rab38 were associated with fast-moving melanosomes. This study demonstrated further that Rab27a and its effectors have the ability to switch melanosomes from microtubule-to actin-based transport systems [13] . SPT (single-particle tracking) is increasingly being used as a technique to study dynamic vesicle trafficking, with one recent example addressing the important issue of how to differentiate the dynamics of highly co-localizing proteins: Szymanski et al. [14] used SPT of fluorescently tagged Rab7 and LAMP1 (lysosome-associated membrane protein 1), both classical markers of late endosomes and lysosomes, in order to establish their membrane distribution. Although standard co-localization analysis (discussed below) revealed high coefficients (∼0.8) between these two markers, it was only when SPT was applied that the presence of Rab7 and LAMP1 on distinct populations of dynamic membranes was revealed. Subsequent SPT experiments using dextran as an endocytic probe revealed that this cargo shifts between different Rab7-and LAMP1-positive membranes over time, but ultimately accumulates in a compartment labelled with both markers [15] .
Kinetic applications not only are of use for understanding the function of Rab proteins and other trafficking machinery, but also can be applied in the context of developing new therapeutics. For example, using fluorescently labelled Rab proteins (Rab5, Rab7, Rab9 and Rab11) as markers of the endocytic pathway, a combined tracking and co-localization approach was used to quantitatively follow the internalization of a pulse of synthetic nanoparticles into cells [16] . The real-time quantification of these potential drug-delivery agents with various Rabs provides important insight into how internalized molecules gradually change their intracellular membrane environment over time. Potentially, this type of approach, as with SPT, could be applied for any cargo and trafficking step of interest in order to reveal the precise kinetics of the transfer of material between organelles. This is of particular relevance for elucidating Rab membrane dynamics throughout the endocytic system, where the complement of Rab proteins employed is relatively complex.
Quantitative co-localization and image texture approaches
The majority of the quantitative imaging methods and examples discussed so far provide in-depth information about the function of a particular protein under investigation, but cannot easily be applied in a systematic or high-throughput manner. Nevertheless this is relevant, as recent genomewide membrane traffic studies have now provided us with lists of uncharacterized proteins associated with endocytic and secretory pathways [17, 18] . At the very basic level, we need to be able to assign precise subcellular localizations to these proteins, and then determine their interaction networks. To establish localization, a commonly used approach is to co-localize the protein of interest with another marker of known location, in so-called co-localization studies. A significant number of membrane traffic and Rab protein studies have used this approach, typically immunolabelling organelles with specific antibodies and comparing their patterns with either antibody staining or GFP-tagged versions of the protein of interest. However, simply showing a merged image of the two colour channels does not necessarily prove colocalization, and furthermore inconsistencies during image acquisition can severely distort the degree of co-localization presented. Appropriate quantification is therefore needed to ensure that biologically relevant measurements are obtained. A wide variety of algorithms exist for quantifying colocalization (reviewed in [19] ); however, all of these methods use either pixel intensity correlation or pixel co-occurrence to generate a co-localization coefficient, and each of these approaches has its own drawbacks. We recently developed a novel method, the RWC (rank-weighted co-localization) algorithm, which uses both pixel intensity correlation and co-occurrence information to generate a co-localization coefficient [20] . One key advantage of this method is that it eliminates bias introduced at the stage of image analysis, meaning that it can be applied systematically on largescale image datasets produced by automated microscopy. Our preliminary studies indicate that when using the cis-Golgi protein GM130 (cis-Golgi matrix protein of 130 kDa) as a reference channel this method is sufficiently sensitive to be able to efficiently discriminate Rab proteins localized to distinct compartments (see Figure 1A for an example). Therefore, in principle, it could be systematically applied to quantitatively study the localization profiles of the entire Rab family across the endomembrane system. Although, in this example, fixed cells were used, it could be envisaged that a similar approach may also be possible in live cells allowing, for example, Rab cascades to be studied in a spatiotemporal manner.
Additional information to classify protein distribution and function can also come from the so-called image texture analysis. Texture features from individual cells effectively provide a quantitative description of the fluorescence pattern observed [21, 22] (Figure 1B) . Again, one potential advantage of this technique is that it is applicable to high-throughput image data generated from automated microscopes. To date, this type of analysis has been used to cluster and classify proteins with relatively distinct localization patterns [23, 24] . In the example shown in Figure 1(C) , the robustness of using texture features for the identification and clustering of distinct subcellular localization patterns can be seen. Accurate clustering and classification of proteins within the endomembrane system of cells is more challenging for a number of reasons, including the fact that these organelles tend to show a high degree of heterogeneity in their morphology, and also because proteins associated with membrane traffic function do not tend to localize to a single compartment. Within the context of Rab proteins, this is particularly true, complicated further by the fact that at steady state they exist in both a soluble and a membraneassociated pool. Automated texture analysis and clustering can partially resolve the localization of different Rab proteins ( Figure 1D ), but further refinements to this technique will be needed if it is to be fully effective in resolving proteins with overlapping distributions. Combining texture feature analysis with quantitative co-localization information has been shown to improve the clustering and classification of a subset of Rab proteins localizing to the juxtanuclear area of cells [25] , but its applicability to larger datasets, such as the entire 60 human Rab GTPases and each of their effectors, remains to be demonstrated.
Concluding remarks
Imaging-based approaches continue to be a primary tool towards furthering our understanding of cell function, particularly in the context of Rab proteins and membrane traffic. In recent years, there has been a steady move towards improving and extending the quantification of our image data, in order to extract a deeper level of knowledge from what we observe. The methodologies now available to us are both extensive and powerful, but one immediate challenge is to adapt many of these techniques into a format compatible with high-throughput imaging. This combination has the potential to provide us with new and exciting opportunities to understand the complexity of membrane traffic regulation in a truly global and quantitative manner. 
